Low concentrations (0.5-10 pm) of antimycin A were shown to increase the rate of C02 fixation, 02 evolution and inorganic phosphate esterification in intact spinach (Spinacia oleracea) chloroplasts. The increase was highest when the light intensity was saturating. Stimulation was independent of the bicarbonate concentration and was accompanied by an enhancement in the synthesis of glycerate 3-phosphate with a decrease in dihydroxyacetone phosphate. The antibiotic decreased the Michaelis constant of the chloroplast but not of ribulose 1, 5-diphosphate carboxylase for bicarbonate. It was suggested that antimycin A is affecting that portion (outer envelope) of the intact chloroplast which contains the enzyme mechanism for controlling the pace of C02 fixation.
A number of studies have demonstrated that antimycin A can uncouple photophosphorylation as well as block electron flow in chloroplast fragments (2, 6, 10, 14) . Bamberger et al. (2) have also shown that the antibiotic can inhibit photosynthetic CO2 fixation in the chloroplast. On the other hand, antimycin A has been reported to stimulate photosynthetic CO, fixation in intact spinach chloroplast preparations (4) . The purpose of this study was an attempt to resolve the stimulatory effect of antimycin A on the over-all photosynthetic process in light of reports that this antibiotic inhibits the synthesis of the two substances, ATP and TPNH, required to drive the photosynthetic carbon reduction cycle. This study would suggest that at concentrations of antimycin A which enhance photosynthesis, the antibiotic does not affect the photochemical reaction but rather influences an early step in the assimilation of CO2.
MATERIALS AND METHODS
Spinach (Spinacia oleracea) chloroplasts were prepared by the method of Jensen and Bassham, with slight modifications (11) . Spinach leaves were obtained from plants grown in a controlled environmental chamber, which had an 18 hr, 21 C, 2500 ft-c day and a 6 hr, 19 C night. For the preparation of ' This research was generously supported by the National Science Foundation. ' chloroplasts, the solutions A, B, and C of Jensen and Bassham were used with the following modifications: sodium ascorbate was omitted from all solutions, and the pH of solution C was brought to 8.1.
CO2 fixation was measured by following the fixation of NaH`CO of known specific radioactivity into acid stable material. Chloroplasts (0.1 ml) suspended in solution B, containing 40 to 80 jug of chlorophyll, were added to 1.9 ml of solution C to which had been added 10 ,moles of NaH`4CO.
with a specific radioactivity of 5 to 10 p.c//umole. Prior to addition of the chloroplasts, the reaction mixture was equilibrated at 20 C and bubbled slowly with nitrogen. Photosynthesis was initiated by turning on the lights, four 150 w flood lamps, whose intensity was varied with a Powerstat and was measured with a Weston Model 756 illumination meter. Samples of 0.2 to 0.3 ml were removed at time intervals and placed into 0.02 ml of concentrated formic acid. An aliquot of the acidified sample of 50 or 100 ul was placed on a planchet containing a circle of lens tissue, dried, and counted on a thin window Nuclear Chicago gas flow counter. Fixation rates were calculated in the period between 2 and 6 min, the portion of the time course which gave the highest linear rate for all samples.
When the incorporation of 'P, was measured, incubation was in the standard reaction mixture under N2, with NaHWCO. at 5 mM and P1 at 0.5 mM. 02 evolution by intact chloroplasts was carried out in the same reaction mixture used for measuring CO2 fixation with the substitution of NaH'lCO,. 02 evolution was followed polarographically by amplifying and recording the current from a modified Clark type 02 electrode inserted into a Lucite chamber containing the reaction mixture and thermostatted to 20 C. The light source was a DWY tungsten-iodide lamp filtered for infrared irradiation by a combination of infrared absorbing glass and 5 cm of H20. The light was focused in a 0.5 inch diameter circle on the flat face of the Lucite chamber and was varied by the interposition of precalibrated screens. The reaction mixture was equilibrated for temperature and gas phase (N2) prior to addition of the chloroplasts. The electrode was calibrated with air saturated water, calculated to contain 0.28 /imole 02/ml at standard temperature and pressure. Rates were calculated from the highest linear rate of the time course curve and were corrected for dark CO2 uptake determined during a subsequent dark period.
Ribulose 1, 5-diP carboxylase was assayed by the 14C method of Paulsen and Lane (12) . For the enzyme assay, the chloroplasts were osmotically lysed in 10 mm tris-HCl, pH 8.1, prior to addition to the incubation mixture.
In order to separate "4C-containing compounds, descending chromatography was carried out on Whatman No. 1 paper. Radioactive samples were subjected to two dimensional chromatography in: (a) phenol: H20, 473:90 (v/v) to which was 443 added 0.6 ml of 1 M Na2EDTA prior to use; (b) n-butyl alcohol (H20 saturated): propionic acid (H20 saturated), 1:1 (v/v).
Samples labeled with 'P were subjected to one dimensional descending chromatography (Whatman No. 1 paper) in the solvent containing n-butyl alcohol, n-propyl alcohol, acetone, 80% (w/v) formic acid, 30% (w/v) trichloroacetic acid (40:20:25:25:15 by volume). Na2EDTA (0.2 g) was added to each 100 ml of the solvent prior to use (15) .
Radioactive spots were visualized by placing the paper after drying against nonscreen x-ray film. Spot identification was achieved with the aid of the maps of Bassham and Calvin (3) and was further confirmed where necessary by elution and rechromatography with known standards. ADP and ATP were visualized by their UV absorbance. The radioactivity of the various spots was determined with a Nuclear Chicago end window gas-flow counter.
Antimycin A was obtained from Sigma Chemical Co. and was dissolved in absolute ethanol. Unless otherwise indicated, all controls contained an amount of ethanol equivalent to that added with the antimycin A.
'P, was purchased, carrier-free, from the New England Nuclear Corporation, either in 0.2 N HCI or in sterile saline. In the latter case, the material was treated at 100 C in 1 N HCI for 1 hr and filtered through charcoal prior to use.
RESULTS AND DISCUSSION Carbon Metabolism. Antimycin A at a concentration of 0.5 to 5 /tM stimulated CO2 fixation with a parallel increase in 02 evolution (Table I) . Stimulation was also observed but to a lesser extent at a concentration of 10 /tM. At higher concentrations (100 /.M) of antimycin A, it was shown earlier that CO2 fixation is completely blocked (2) . On the other hand, 20 to 40 ,uM antimycin A is required to block TPN reduction (10), while its effectiveness as an uncoupler started at about 10 /cM (6) . It must be remembered that the conditions used to assay the various processes are quite different. While CO2 uptake and 02 evolution were determined with chloroplasts containing their limiting envelopes, the formation of ATP and TPNH were measured with chloroplast preparations whose outer membranes were removed by exposure to osmotic shock. Nonetheless, it is clear that antimycin A, depending upon concentration, has numerous effects on chloroplast metabolism but under the conditions used, enhancement of photosynthesis would seem to respond first.
The stimulation of CO2 fixation by antimycin A was dependent on the light intensity (Table II) . Only as the light intensity Earlier it was shown by Ellyard (7) that the stimulation of photosynthesis by antimycin A was accompanied by an enhancement in the synthesis of glycerate 3-P with a decrease in the level of triose-P (essentially dihydroxyacetone-P). This effect of antimycin A was confirmed in this study and extended by the observation that the shift in product labeling was independent of the light intensity (Table III) . However, the rearrangement in isotope distribution was more striking in low than in high light possibly due to a limitation in reducing power (ATP and TPNH).
Antimycin A also caused a reduction in the percentage of isotope in the sugar monophosphates and diphosphates (Table  III) .
One factor possibly rate-limiting photosynthesis in the chloroplast is the availability or binding of the CO2 (or bicarbonate) for the primary carboxylation reaction (8) . This hypothesis is strengthened by our observation that antimycin A stimulated photosynthesis at intensities beyond light saturation (Table III) and at limiting as well as saturating levels of bicarbonate (Table IV) . The Km for NaHCO2 of the intact organelle, read from the line of best fit of an S/V versus S plot, was reduced by antimycin A from 0.94 mm in the control to 0.48 mm. This effect of antimycin A could not be demonstrated for ribulose 1,5-diP carboxylase in osmotically lysed chloroplast preparations (data not shown). The experiments with the broken chloroplast were carried out with fragments prepared by suspending intact chloroplasts in 10 mm tris-HCl, pH 7 
CONCLUSIONS
The increase due to antimycin A in the relative net labeling of glycerate 3-P with both "CO, and 'P, could be the result of a decreased rate of conversion of this compound to other intermediates of the photosynthetic carbon reduction cycle or to an increased rate of synthesis of glycerate 3-P. A decrease in the rate of reduction of glycerate 3-P to glyceraldehyde 3-P by an inhibition of glycerate 3-P kinase or glyceraldehyde 3-P dehydrogenase due to a lack of ATP and TPNH would seem unlikely to support an increased rate of CO2 fixation, 02 evolution and inorganic phosphate esterification. Therefore, we would suggest that in the chloroplast the rate-controlling step was the uptake and carboxylation of CO2 and that the stimula- Esterified from "2Pi during C02 Fixation
Chloroplasts were incubated in the standard reaction mixture for CO2 fixation with NaH12CO3 at 5 mm, Pi at 0.5 mm, and antimycin A at 2 Mm. Carrier free 32Pi was added to provide about 10' cpm/ml. Samples for chromatography were taken at 10 min after the start of the illumination period. tion of the over-all rate of photosynthesis by antimycin A was brought about through an increased rate in the synthesis of glycerate 3-P. The conclusion that antimycin A enhanced photosynthesis through a stimulation of the primary carboxylation reaction was strengthened by the sensitivity of chloroplast CO, fixation to antimycin A at limiting as well as saturating levels of bicarbonate (Table IV) . The observation that antimycin A decreased the Km of the chloroplast for bicarbonate from 0.94 mm to 0.48 mm is also considered as evidence that antimycin A was affecting the primary carboxylating mechanism. In contrast, the Km of bicarbonate was unchanged when antimycin A was included in the reaction mixture containing osmotically shocked chloroplasts, ribulose 1, 5-diP and bicarbonate. The carboxylation reaction of intact chloroplasts 1 Polyglucan.
2 Fructose 1,6-diP, ribulose 1,5-diP and possibly sedoheptulose 1, 7-diP.
I Fructose 6-P, glucose 6-P. may, therefore, have at least one property different from the characteristics of ribulose 1,5-diP carboxylase when assayed in the crude lysate. Finally, from a comparison of Km values in the literature it would appear that osmotically shocked chloroplasts and ribulose 1,5-diP carboxylase (Km, bicarbonate, about 10 mM) have a much lower affinity for bicarbonate than the intact chloroplast (Km, about 0.9 mM). If classical Michaelis-Menten kinetics can be applied to the enzyme (see reference 13 for another view) as well as to the organelle, it is clear that the intact chloroplast can utilize bicarbonate more efficiently than the isolated enzyme. However, the preferred substrate of carboxylation by purified ribulose 1,5-diP carboxylase has recently been shown to be CO2 (Km, 0.45 mM) rather than bicarbonate (5) . Therefore, on the basis of the data presented in this study, antimycin A is thought to be affecting that portion of the intact chloroplast which allows usage of bicarbonate more efficiently than the isolated enzyme. The site of antimycin A function is envisaged to be the envelope (outer membrane) of the chloroplast which has been suggested to contain the enzyme mechanism for setting the pace of CO2 fixation (9) .
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